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ION BEAM SPUTTER ETCHING AND DEPOSITION OF FLUORO POLYMERS 


by Bruce A. Banks, James S. Sovey, 

Thomas B. Miller and Karen S. Crandall 

National Aeronautics and Space Administration 
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ABSTRACT 

Fluoropolymer etching and deposition techniques including thermal evaporation, 
rf sputtering, plasma polymerization, and ion beam sputtering are reviewed. 
Etching and deposition mechanisms and material characteristics are discussed. 

Ion beam sputter etch rates for polytetrafluoroethylene (PTFE) were determined as 
a function of ion energy, current density and ion beam power density. Peel 
strengths were measured for epoxy bonds to various ion beam sputtered fluoro- 
polymers. Coefficients of static and dynamic friction were measured for fluoro- 
polymers deposited from ion bombarded PTFE. 


INTRODUCTION 

The etching and deposition of fluoropolymers is of significant industrial in- 
terest. Stringent application requirements concerning friction, adhesion, dielectric 
properties, hydro phobic ity, chemical inertness, and high temperature survivability 
have fostered the widespread utilization of fluoropolymers. Similarly, there are 
many applications in which a thin coating or adhesively bonded fluoropolymer lam- 
inate would be of great utility. 

This paper presents a review of fluoropolymer vacuum etching and deposition 
technology followed by an experimental investigation of the ion beam sputter etch 
rate of polytetrafluoroethylene. Characteristics of sputter etched and deposited 
fluoropolymers th ;t may be pertinent to potential applications will also be 
discussed. 


REVIEW OF FLUOROPOLYMER VACUUM ETCHING 
AND DEPOSITION TECHNOLOGY 

Heating of polytetrafluoroethylene (PTFE) and fluorinated ethylene propylene 
(FEP) sufficient to cause- thermal evaporation will also cause thermal decomposition 
involving formation of free radicals due to random polymer chain scission (ref. 1). 
However both fluoropolymers leave a carbon residue and in the case of PTFE 
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the largest scission fragment was C g Fg (which represented only 2, 5 percent of 
the decomposition fragments). The results of several investigators indicate that 
thermal decomposition of PTFE in the range 360° to 600° C results in C 9 F 4 as 
the primary product (ref. 2). 

Mathias and Miller (ref. 2) have performed rf decomposition of PTFE at 
11. 5 torr resulting in a similar distribution of reaction products (0.31 percent 
CF 4 , 6.43 percent C g Fg, 85.22 percent C g F 4 , 5.90 percent C g F g , 2.08 percent 
CgFg). A yellow polymer and free carbon were found to deposit when helium was • 

used as a carrier gas. The deposit wps 23.2 percent soluble in carbon tetrachloride, 

When oxygen was used as a carrier gas the deposit was white and absent of free 
carbon. Other researchers have performed rf sputtering of PTFE with inert gases 
resulting in deposition of yellow colored films (refs. 3, 4, and 5). In all cases 
the deposition occurs in the presence of total pressures 5: 2x10 torr. At these 
pressures, where mean free paths are shorter than 2.5 cm, and at reasonable 
target substrate separations there is reasonable probability of further fragmenta- 
tion within the discharge plasma. Mathias and Miller found (at 11. 5 torr) that the 
main gaseous product, CgF^, is a result of the combination of CF ? radicals. The 
high ion and electron arrival rates at the deposition sites can allow further molec- 
ular damage and polymer crosslinking. Radiofrequency (rf) sputtered PTFE films 
are harder than commercial bulk PTFE (refs. 3 and 4). Crosslinking would tend 
to increase polymer hardness. Commercial PTFE is quasi- crystalline as opposed 
to amorphous rf sputtered films (refs. 8). I-larrop et al. (ref. 3) report that rf 
sputtered PTFE films are stable to at least 100° C hotter than commercial PTFE. 

plasma polymerization has also been used to deposit fluorocarbon films by 
introducing CF 4 (i*ef. 6) or C g F 4 (ref. 7) into an rf discharge. The mechanism 
for thin film polymerization as described by IJollahan (ref. 7) involves adsorption 
of monomers on the substrate surface followed by intermediate radical and monomer 
ion formation as a result of the plasma's ion, electron, neutral and photon bom- 
bardment. The surface species continually react to grow polymer chains with 
extensive crosslinking and unsaturation resulting in high mechanical strength 
fluoropolymer films. I-Icliand (ref. 6) reports that the plasma polymerized < 

fluorocarbon films are colorless and much harder than rf sputtered films. Fluorine 
deficiency in the form of free or incompletely bonded carbon can cause strong 
adsorbtion of blue light resulting in the film appearing yellow when viewed in * 

white light. 

Ion beam and rf sputter etching of PTFE and FEP have resulted in similar 
target surface morphologies but the deposited films have different properties 
(refs. 8 and 9). Table I summarizes the findings of references 1, 3, 4, 5, 6, 7, 

8 and 10 and compares reported properties of commercial, thermally evaporated, 
rf sputtered, plasma polymerized and ion beam sputter deposited fluoropolymers. 
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The. films in table I are produced from PTFE targets or its gaseous monomers. 

The most significant differences between ion beam and rf sputter deposited fluoro- 
polymer films are the lower deposition n-essure and quasi- crystalline structure 
of the ion beam deposited films. The low pressure environment of ion beam 
deposition would substantially reduce ion and/nr plasma interactions at the de- 
position surfaces. These reduced interactions would significantly reduce the 
rate of polymer formation by intermediate radical and monomer ion formation of 
adsorbed monomers which occur with rf and plasma polymerization. However the 
ion beam deposition rates are of the same order of magnitude as rf and plasma 
polymerization rates. One might thus conclude that a possible mechanism for 
ion beam fluoropolymer deposition would involve the sputter removal of a wider 
molecular weight distribution of polymer scission fragments, ions, radicals that 
deposit and/or react at the substrate surface without requiring further plasma in- 
teraction. The low pressure environment may allow large scission fragments to 
escape from the target to the substrate without further scission as can occur with 
rf sputtering. 

Two unique characteristics of sputter etching fluoropolymers are the extremely 
high sputter etch rates and the resulting large cone or grasslike surface micro- 
structures. Hall and Green (ref. 9) and Rost (ref. 8) measured the sputter etch 
rates of FEP and PTFE respectively and found them to be approximately two orders 
of magnitude higher than those of metals and glass (~10 2 CF 2 groups per incident 
ion) Rost et al. (ref. 8) attributes the higher sputter etch rates of PTFE to breakup 
of strong bonds in molecular chains producing a wide distribution of scission frag- 
ments that leave the target surface by thermal effects where only small intermolec- 
ular forces must be overcome. 

Hall and Green also measured erosion rates of similar linear addition polymers 
(polyvinylfluoride and linear polypropylene) but did not observe elevated erosion 
rates. More rapid crosslinking than depolymerization was felt to cause this result. 
The FEP ion beam sputter yields measured by Hall and Green also exhibit a signif- 
icant sensitivity to ion current density. This is also a unique characteristic in 
that most materials have sputter yields nearly independent of current density pro- 
vided the sputte removal rate is sufficient to maintain a clean target surface which 
is reasonably free from adsorbed environmental gases (refs. 11 to 13). 

The large cone or grasslike surface microstructures resulting from ion bom- 
bardment of fluoropolymers have observed for FEP and PTFE (refs. 9 and 14). 

Both ion beam sputtering and rf sputtering of PTFE produce grasslike surface 
structures with diameters of a few microns and lengths up to more than 100 pm. 

Rost et al. (ref. 8) found the structures to always be parallel to the direction 
of the incident ions. He -.Iso determined, by X-ray diffraction, that the degree of 
crystallinity increased as a result of surface structure formation. Morrison and 
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Robertson (ref. 4) also suggest that the etch pattern reflects the crystallinity of 
the PTFE and that sputter etching occurs preferentially along grain boundaries 
and/or interstitial amorphous regions. Rost et al. compared X-ray diffraction 
analyses of rf and ion beam sputter deposited PTFE films and found that only the 
ion beam sputter deposited films possessed quasi-crystallinity similar to that of 
the target material. The rf sputter deposited films were found to be amorphous. 

The extremely rough surface morphology of sputter textured fluoropolymers 
enables strong mechanical attachment to high modulus adhesives. Sputter etched 
PTFE has demonstrated superior adhesiveness to expoxy resins in comparison 
to conventional sodium/napthalene treated PTFE (l’efs. 14 and 15). 


APPARATUS AND PROCEDURE 

Two different electron bombardment ion sources and vacuum facilities were 
used for sputter etching, an 8 cm diameter mercury ion source (figs. 1 and 2) 
and a 30 cm diameter argon ion source (figs. 3 and 4). Both sources are low 
cost adaptations of generically similar devices developed for auxiliary and primary 
electric propulsion in space. Detailed description of the sources can be found in 
references 16 and 17. A simplified schematic of an electron bombardment ion 
soui'ce is shown in figure 5. 

Fluoropolymer targets were placed downstream of the ion sources and on the 
centerline of the ion beams. Ion incidence was normal to the target surfaces for 
all the sputter etch rate measurements. The vacuum facility pressures were in 
the 10" 5 to 10 -6 torr range during ion beam sputtering. Figure G depicts the 
target sample holder configuration used for documentation of the ion beam sputter 
etch rates. Target samples 1- by 2- by 0. Iti-cm thick of PTFE were placed behind 
a 0. 03 cm thick tantalum shield with a 0. 5- by 0. 5-cm square opening to control 
the area of ion impingement on the PTFE target. Ion beam sputter etch rates were 
calculated from measured PTFE weight loss per unit area and sputtering duration. 
Micrometer thickness loss measurements were also used to confirm the weight 
loss data. PTFE ion beam sputter etch rate dependence upon ion beam current 
density, ion energy, and power density was determined. Biased planar probe 
measurements of the ion beam current density at the location of the target and 
ion source net accelerating voltage were used to ascertain ion beam current, 
energy, and power densities. 

Target sample holders, which were used to determine target temperatures 
or to etch strips of fluoropolymers (2. 5- by 15-cm by 1. 6-3 mm thick) for subse- 
quent peel testing, had minimal or no metal covering the sample at the ion impinge- 
ment surface. Preliminary peel tests were performed using TRA-CAST BB-3103 
epoxy resin manufactured by TRACON, Inc. to bond the fluoropolymer strips to 
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bead blasted thick copper plates. Spatter deposition of PTFE was performed by the 
30 cm argon ion source with nonnormal ion incidence on the target (fig. 7). The 
PTFE sputter products were deposited on window glass plates which were then used 
for coefficient of friction measurements. The friction measurements were made by 
sliding samples of polished type 303 stainless steel down the inclined fluoropolymer 
coated glass plates. 


RESULTS AND DISCUSSION 
Ion Beam Sputter Etch Rates of Fluoropolymers 

The ion beam sputter etch rate of PTFE, as a function of argon and mercury 
ion energy, is shown in figure 8. The data is based on a PTFE density of 2.2 g/cm 3 , 
Figure 8 indicates that doubling the ion energy from 500 to 1000 eV approximately 
triples the etch rate for both mercury and argon ions. This Is significantly different 
than most metals where doubling the ion energy from 500 to 100 eV less than doubles 
the sputtering yield (refs. 18 and 19). One would also expect the sputter yield 
for high energy ions at high current densities to be independent of current density if 
PTFE sputtered typical of most materials. Figure 9 is a plot of the sputter yield 
expressed in equivalent CFg groups ejected per incident ion for both argon and 
mercury ions. At any energy for both mercury and argon ions, increasing the 
current density substantially increases the soutter yield. Because of the similar 
behavior of sputter yield (or etch rate) on both ion energy and current density a 
plot of PTFE etch rate was made as a function of ion beam power density (at the 
location of the PTFE target). As can be seen in figure 10 nearly all the etch rate 
data appears to fall on one curve of ion beam power density which shows signifi- 
cantly less dependence on ion energy, current density and ion species. The 
equation of the straight line plotted through the data is 

S - 6. 17x10” 2 P 1-4 


where 


ORIGINAL PAGE R> 

S = PTFE sputter etch rate in p m/hr OE POOR QUALITY 

n 

P = ion beam power density in mW/cm 


The fact that the sputter rate is approximately dependent upon the power density 
to the 1. 4 power allows significant sputtering rate increases to be realized with 
modest increases in ion beam power density. 

The strong power dependence of the sputter etch rate may also imply that 
the process is dependent on heating by the ion beam. PTFE target temperatures, 
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measured by implanting 0. 125 mm diam Chromel-Alumel wires and the thermo- 
couple junction within a 1. 6 mm thick PTFE target, indicated bulk temperatures 
of only 64° C for 750 eV mercury ions at 0.66 mA/cm 4 ' current density. However, 
stainless steel targets produced temperatures of 208° C when bombarded with 
mercury ions of the same energy at 0. 57 xnPjcvc? current density. This result 
seems to suggest that sputter mechanism consumes a significant fraction of the 
incident ion energy by an ablativelike process. However, the cooling process 
was not sufficient to prevent built thermal damage to PTFE when very high po»ver 
densities were used. Weissmantel et al. (ref. 20) suggest that the high PTFE 
sputter rate may be related to molecular agitation due to normal thermal vibration 
and phonons connected with ion impact shock waves. Sputter etch rates of ^TFE 
may possess temperature dependences that could give further insight as to the 
detailed mechanisms involved. 

Other fluoropolymers that exhibited similarly high sputter etch rates are 
FEP Teflon R and PFA Teflon 11 . Weigand (ref. 21) in an effort to find other high 
sputter etch rate polymers has discovered that polyoxymethylene exhibits a high 
etch rate also producing a rough micro structure surface. 

Peel Tests of Adhesively Bonded Ion Beam Etched Fluoropolymers 

Ion beam sputter etching was used to produce surface textures on PTFE, 

TJ J? 

FEP, Tefzel , and PFA Teflon . Figures 11(a) to (d) are scanning electron 
microscope photographs of these respective surface textures. Table II compares 
peel strengths of TRA CON, Inc. TRA-CAST BB-3103 epoxy bonds to these 
fluoropolymers after ion beam texturing with results of bonding with the same 
epoxy after sodium/napthalene (Matheson’s Poly Etch) surface treatment. 

Although ion beam texturing can produce a high peel strength bond sux-face 
for PTFE, mechanical failure of the peel samples prevented clear comparison 
with sodium/napthalene treatment. However ion beam sputtering was an im- 
provement over sodium/napthalene only for FEP, Tefzel R , and PFA Teflon R . 

The peel strengths measured appear consistent with the observed surface tex- 
tures if one assumes a predominantly mechanical bond to the surface micro- 
structures. 


Fluoropolymers Deposited from Ion Beam Sputtered PTFE 

Fluoropolymers films approximately 1. 5 pm thick deposited on glass by 
ion beam sputtering of PTFE were used to evaluate static and dynamic coef- 
ficients of friction. The resulting coefficients of friction between the fluoro- 
polymer deposit and polished type 303 stainless steel are 


7 


^static " °' 34 
^dynamic - 0. 16 

The coefficient of static friction is approximately 3 to 10 times higher than that of 
commercial PTFE. However, the coefficient of dynamic friction is in reasonable 
agreement with measurements by Harrop and Harrop {rt 3) for rf sputtered films 
and quite close to that of commercial PTFE (see table I) . The ion beam deposited 
films were transparent and had large water contact angles similar to those of 
commercial PTFE. 


SUMMARY 

Researchers have etched PTFE by various techniques including thermal evap- 
oration, rf sputtering and ion beam sputtering. These processes and plasma 
polymerization have been used to deposit fluoropolymer films. Fluoropolymers 
such as PTFE, FEP and PFA Teflon 1 * exhibit sputter etch rates significantly 
higher than most other materials, PTFE has been ion beam sputter etched at 
rates between 3 and 1740 pm/hr depending on the sputtering conditions. The rate 
of PTFE ion beam etching has been shown to depend predominantly upon the ion 
beam power density. 

Ion beam sputtering of PTFE, FEP, Tefzel 1 * and PFA Teflon** was compared 
with sodium/napthalene surface treatment to evaluate epoxy bond peel strengths. 
Ion beam sputtering was found to produce stronger bonds in all cases except for 
PTFE. However, ion beam sputtering produced high peel strengths (>150 N/cm) 
for PTFE, FEP and PFA Teflon. Peel strengths appear to be related to the sur- 
face microstructures resulting from ion beam sputtering. 

Fluoropolymei films deposited by ion beam sputtering of PTFE have a coef- 
ficient of dynamic friction in reasonable agreement with rf sputtered films and 
commercial PTFE. 
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The coefficient of static friction is approximately 3 to 10 times higher than that of 
commercial PTFE. However, the coefficient of dynamic friction is in reasonable 
agreement with measurements by Harrop and Harrop (ref. 3) for rf sputtered films 
and quite close to that of commercial PTFE (see table I). The ion beam deposited 
films were transparent and had large water contact angles similar to those of 
commercial PTFE. 

SUMMARY 

Researchers have etched PTFE by various techniques including thermal evap- 
oration, rf sputtering and ion beam sputtering. These processes and plasma 
polymerization have been used to deposit fluoropolymer films. Fluoropolymers 
such as PTFE, FEP and PFA Teflon® exhibit sputter etch rates significantly 
higher than most other materials. PTFE has been ion beam sputter etched at 
rates between 3 and 1740 pm/hr depending on the sputtering conditions. The rate 
of PTFE ion beam etching has been shown to depend predominantly upon the ion 
beam power density. 

Ion beam sputtering of PTFE, FEP, Tefzel® and PFA Teflon® was compared 
with sodium/napthalene surface treatment to evaluate epoxy bond peel strengths. 

Ion beam sputtering was found to produce stronger bonds in all cases except for 
PTFE. However, ion beam sputtering produced high peel strengths (>150 N/cm) 
for PTFE, FEP and PFA Teflon. Peel strengths appear to be related to the sur- 
face micro structures resulting from ion beam sputtering. 

Fluoropolymer films deposited by ion beam sputtering of PTFE have a coef- 
ficient of dynamic friction in reasonable agreement with rf sputtered films and 
commercial PTFE. 
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TABLE I. - DEPOSITED FLIORO POLYMER FILMS 


Commercial 

PTFE 


Thermally 

evaporated 


Deposition conditions 
Target material 
Pressure, torr 
Environmental gas 

Rate, A/sec 

Deposited film properties 
Structure 
Color 

Microindentation hardness (V. P.N.) 
Coeffic ient of dynamic friction 
Dielectric constant 
Resistivity, Q-cm 
Dielectric strength, V/m 
Dissipation factor (tan 6, 1 kHz) 
Maximum tolerable temperature, °C 


ion 

energy, 

eV 




rf 

sputtered 


10* a - 10-* 

Argon or PTFE 
decomposition gases 
0.8 - 17.2 

Amorphous 
Yellow 
12. S 

0.08 - C. 14 
1.5- S 

3xl0 16 - 7x10*® 
4x10® - >7x10® 


Plasma 

polymerized 

Ion beam 
sputtered 


PTFE 

0.1 - 1.2 

10* 5 - 8xl0* 4 

CF 4 and CjF 4 

Argon, xenon 
and krypton 

1.2 - 8 

4.2 

Quasi- c ry stall ine 

Clear 

Clear 



2x10* 3 - 8x10" 3 


FL CORO POLYMER PEEL STRENGTHS 


Ion beam textured 


Sodium/ Napthalene Treated 


Argon Current I Peel strength Treatment 


density duration, 

mA/cm 2 N/cD mln 


Peel strength 


N/cm Ib/in 



PTFE 
FEP 
Tefzel R 
PFA T eflon R 


•Maximum pee. strength could not be measured because tensile failure of peel test 
polymer. 









































Figure 2. - 8 Cm mercury ion source with it's vacum facility and power supplies. 
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Figure 5. - Basic schematic lor electron bombardment ion source. 
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Finu'e 6. - Target sample holder lor sputter rate documentation. 
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Figure 7. - Deposition conflguritlon lor lluoropolymer coating of glass. 
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Figure 8. - Ion beam sputter etch rate of PTH as a function of argon and mercury ion 


energy. 




SPUTTER YELD. EQUIVALENT CFj CROUPS PER WCIOENT ION 


lONltARGY, eV 



ARGON 


MERCURY 

A 

ltt) 



V 

1000 

▼ 

1000 

□ 

7» 

■ 

7 M 

o 

MO 

♦ 

M0 

o 

no 

• 

?M 



Figure 9. - Sputter yield of PTR as a function of ergon 
and mercury ion current density. 



Figure 10. - PTR etch rate as a function of Ion beam power den 
sity for argon and mercury Ions. 




(C) TEFZEl" SPUTTER ETCHED 1.2 HOURS BY 750 eV ARGON IONS AT 0.3 
mA/cm^. 


(d) PEA TEEION " SPUTTER ETCHED 1.2 HOURS BY 750 eV ARGON IONS AT 

0. 3 mA/cm^. 


Figure 11. - Concluded. 




